they stand out due to their extensive expansion potential and their broad, mesodermal differentiation as well as their immunomodulatory capabilities [9] [10] [11] [12] [13] . These features have led to their clinical exploitation in numerous clinical trials (www.clinicaltrials.gov). Nevertheless, the initial frequency of MSCs is considered to be low with generally less than 0.1% of BM mononuclear cells in a newborn, which declines with age [14] . Admittedly, the minimal and maximal dose for therapeutic application has not been determined yet, but currently applied doses are in the range of <1-5 × 10 6 MSCs/kg body weight [15] . This necessitates ex vivo expansion to achieve transplantable numbers. The future use of MSCs for therapeutic application may require very high absolute MSC numbers to gain appropriate cell doses (>5 × 10 6 /kg body weight) per patient compared to in vivo experimental models with small animals [16] . It is therefore necessary to develop MSC expansion protocols that allow for the generation of up to 5-10 × 10 8 MSCs from a limited starting volume of primary material. Accordingly, GMP(Good Manufacturing Practice)-graded cell processing such as cell preparation, culture, and manipulation is mandatory for the progress of such cell therapy. However, GMP-graded cell processing has a number of different points to consider compared to guidelines developed for finished drugs. This review focuses on protocols of isolation and expansion of MSCs from human BM and AT, release criteria, and potency testing assays (summarized in fig. 1 ).
Isolation Techniques

Isolation of Bone Marrow-Derived MSCs
Harvesting BM follows a standard procedure established for obtaining hematopoietic stem cell transplants. It is aspirated from the donor's posterior iliac crest using a Jamshidi needle into a heparin-containing syringe [17] and subsequently further processed by density gradient centrifugation, direct plating or different enrichment strategies. Donor age and aspirate quality have been shown to influence MSC frequencies [14, 18] . Muschler et al. [19] suggested that volumes above 2 ml would yield peripheral blood diluted samples. Numerous attempts to enrich MSCs from BM, equivalent to the use of CD34+ for processing hematopoietic stem cells, have been performed by using immunodepletion or enrichment strategies. Selection markers include STRO-1, CD49a, CD105, CD133, CD146, CD271, SSEA-4, antifibrin microbeads, aptamers, and aldehyde dehydrogenase activity [20] [21] [22] [23] . None of these markers is capable of discriminating multipotent, highly proliferating MSCs from other less potent lineage-committed cells. Thus, common procedures for obtaining MSCs in clinical-scale numbers utilize density gradient isolation or direct plating to separate mesenchymal and hematopoietic cells by their adhesion capacities to the plastic surface.
Density Gradient Media
A variety of protocols describing the isolation of MSCs from BM aspirates have used density gradient centrifugation to enrich the mononuclear cell fraction. Common media for this purpose include Ficoll, Percoll or dextran [24] . To the best of our knowledge most laboratories continue using Ficoll density gradient media with densities of 1,073-1,077 g/ml. A few protocols suggest better isolation efficacies by using Percoll [25] . Importantly, products used for clinical-scale manufacturing have to comply with GMP standards, but a variety of these media are now available manufactured according to both GMP and ISO (International Standard Organization) standards. Manual Ficoll gradient centrifugation can now also be replaced by using completely automated procedures. The automated Sepax cell separation system (Biosafe, Eysins, Switzerland) has yielded significantly enhanced nucleated as well as mononucleated cell recoveries when it has been compared to the manual Ficoll separation [26] . 
Direct Plating
Instead of using density gradient centrifugation, some studies performing clinical-scale isolation and expansion of MSCs follow a direct plating strategy to separate plastic adherent from nonadherent hematopoietic cells. This, however, is often accompanied by contaminating adherent myeloid cells but subsequent passaging efficiently abrogates hematopoietic contamination. Seeding densities are regarded as the most critical parameter for expanding MSCs. Most experimental and also clinical trials use high primary seeding densities of 1-2 × 10 5 BM mononuclear cells [2, 27] . Subsequent studies, however, have revealed superior expansion rates at very low to 'clonal' plating densities [28] . The challenge in clinical-scale expansion is to define a compromise between optimal expansion with maintained cell quality and practical/cost-effective issues, including cell culture plastic and medium consumption. Accordingly, plating densities of 4-22 × 10 3 bone marrow mononuclear cells (BM-MNC)/cm 2 are recommended and can yield clinical numbers of up to 9.8 × 10 8 MSCs harvested after one passage [29] .
Isolation of Adipose Tissue-Derived MSCs
Plastic surgeons have been performing autologous fat grafting for filling soft tissue or contour defects for more than a century. The discovery of multipotent MSCs within this tissue has established a second major source of MSCs [30] . Besides a comparable degree of mesodermal differentiation potential, AT-derived MSCs also seem to have a high potential for angiogenesis/vasculogenesis combined with higher frequencies exceeding 100-1,000 times that of BM [31] . In most cases, lipoaspirates have been used as starting material. Liposuction procedures may yield volumes ranging from milliliters to liters of tissue [32] . Tumescent liposuction procedures involve the preinfusion of saline solutions containing anesthetics and adrenaline as vasoconstrictors. Ultrasound-assisted liposuction has been shown to compromise recovery as well as expansion capacity of MSCs [33] . For obtaining smaller volumes of tissue, machine and syringe aspiration as well as excision can be used instead [34] . Further processing steps remove cellular debris, oil, excessive blood cells and proteins as well as components of the extracellular matrix. Extensive washing generally yields satisfying purities [35] . To isolate the MSCs from the tissue, enzymatic treatment is used. Subsequently, further centrifugation steps are performed to remove the adipocyte fraction and to pellet the pre-adipocyte stromal vascular fraction. This fraction is a heterogeneous mixture of cells, including endothelial, muscle, fibroblastic and mast cells, pericytes, and preadipocytes. After the initial adherence step, all nonadherent cells are discarded by extensive washing, and the remaining adherent cells appear as fibroblastoid cells. These are cultured for about 10 days until a 60-70% confluent monolayer has developed and the cells can be split to initiate the subsequent culture passage. Although a variety of processing steps are mandatory to enrich the stromal vascular fraction, they can be implemented in a GMP-compliant protocol. To secure the process, automated devices have been developed. A 'bag within a bag' device, composed of an inner mesh and an outer sealed bag, assists to separate the tissue fraction from the contaminating fluid fraction [36] . A completely closed system, which can be used as a cell saver at the patient's bedside, performs the aspiration, washing, and concentration of the stromal vascular fraction [37] . Cells resulting from this process, however, can still only be regarded enriched for MSCs. Only a proportion of approximately 1:1,000 cells within the stromal vascular fraction will give rise to colony-forming units, equivalent to MSCs [5] . Admittedly, most studies have used specimens obtained from young and healthy subjects undergoing aesthetic liposuction. To address whether age and comorbidity may affect stem cell frequencies, DiMuzio and Tulenko correlated these factors, such as advanced age (> 70 years), obesity, renal failure or vascular disease, and found no significant deviation [38] .
MSC Expansion
Basal Media
The best basal medium cannot yet be defined. Whereas some authors favor using alpha-MEM [28, 39, 40] , others favor DMEM [41] [42] [43] . The pivotal and critical compound in MSC expansion media seems to be serum as a source of nutrients, hormones, and growth factors.
Fetal Bovine Serum
Fetal bovine serum (FBS) lot selection seems to be essential for obtaining high-quantity and -quality MSCs after ex vivo expansion [44] . Nevertheless, FBS is no longer regarded a safe supplement in clinical-scale expansion protocols as it bears a risk of transferring immunogenic xenoproteins as well as transmitting infectious agents, especially transmissible spongiform encephalopathy (TSE) [45] . Accordingly, the European Medicines Agency (EMEA) recommends that 'when manufacturers have a choice the use of materials from "non TSErelevant animal species" or non-animal origin is preferred' [46, 47] . Recently, human embryonic stem cell lines have been shown to be contaminated with an immunogenic nonhuman sialic acid [48] . N-glycolylneuraminic acid Neu5Gc is present in a variety of nutriments and has been shown to elicit IgA, IgM, and IgG antibodies. Cultures of stem cells in animal-derived culture supplements pass on this immunogenic contamination. Heiskanen et al. [49] demonstrated that despite the existence of xeno-carbohydrate Neu5Gc in MSC cultured in FBS, this contamination can be significantly decreased by transferral to human serum-containing medium but not com-pletely eliminated. Furthermore, FBS-derived proteins have been shown to be internalized by MSCs [50] and to be immunogenic, compromising the clinical effectiveness of MSC transplants [2, 51] .
Human Supplements
Although GMP-compliant FBS batches are available and used for clinical-grade manufacturing of BM-MSCs, there are serious concerns, which is paving the way for alternative human supplements. Of course, a completely chemically defined medium would be optimal for clinical-scale expansion [52] , but this still has to be defined. Several working groups optimize culture media by adding human serum, plasma or platelet-derived factors. The pooled human platelet lysate (pHPL) can be obtained from buffy coat-derived platelet-rich plasma which is separated from the white and red blood cell fraction by centrifugation and is finally concentrated to at least 1 × 10 9 platelets/ml. The release of growth factors and mitogens stored in alpha granules of platelets may be induced by platelet activation by thrombin or by cell fragmentation during repeated freeze-thaw cycles. Among these potent mediators released from platelets are epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), platelet-derived growth factors (PDGFs), transforming growth factor β1 (TGF-β1), and insulin-like growth factor (IGF). They are supposed to enhance proliferation of bone cells and chondrocytes, as well as MSCs, pointing out the essential role of platelets in processes such as wound healing and tissue repair [53] [54] [55] [56] . However, the observed regenerative effects of platelet derivatives and their clinical outcome show extensive variations [57] due to the dependence of growth factor concentration on platelet content, preparation mode, leukocyte contamination, and mechanisms of platelet growth factor release [58] . In our own experiments, different pooled platelet lysate batches have been proven to be stable in stimulating BM-MSC proliferation and cloning efficiency as well as MSC immunophenotype (unpublished data). HPL may perhaps replace FBS in many cell culture systems that have previously been thought to strictly depend on the presence of FBS. To support AT-derived MSC isolation and expansion we have developed and tested pooled human serum, blood type AB human serum (AB-HS), and a variety of protocols to activate the release of platelet-derived factors [59] . With large-scale clinical production in mind, we focused on pooled human blood derivatives representing at least six donors to neutralize donor-specific variations and to mimic an off-the-shelf batch which can easily be controlled according to standard blood banking procedures. Both AB-HS and thrombin-activated platelet releasate in plasma (tPRP) were superior in expanding AT-MSCs. Analyses of the transcriptome of AT-derived MSCs cultured in any of the three human supplements revealed enhanced expression of genes related to adhesion and reduced numbers of genes related to cell cycle and proliferation compared to cells cultured in FBS (manuscript in preparation). Interestingly, allogeneic AB-HS-promoted expansion did not exceed FBS-driven proliferation of BM-MSCs. Some studies have announced success in isolating and expanding MSCs from BM with preserved differentiative and immunosuppressive properties using allogeneic human serum [60] [61] [62] . Others have observed reduced growth associated with advanced senescence, concluding that autologous serum would be favorable [63, 64] .
Other Additives
The growth factor requirements of MSCs have not been elusively defined yet. PDGF, EGF, TGF-β, and IGF have been tested [65, 66] . A variety of protocols describe adding fibroblast growth factors (FGF) to FBS-supplemented media for expanding MSCs [67] . Others indicate that factors like dexamethasone [68] or lithium, which both stimulate Wnt signalling, can enhance proliferation of MSCs [69] . The glucocorticoid dexamethasone is in common use in osteogenic differentiation protocols. Both et al. [39] have demonstrated that it not only influences osteogenesis but also enhances proliferation when continuously added. Furthermore, oxidative stress can impair MSC qualities. Enhancing the concentration of selenium/se-lenite has been shown to reduce cell damage induced by reactive oxygen species [70] . Likewise, caloric restriction mimicked in vitro by lowering the glucose content has been shown to accelerate MSC proliferation while preventing senescence [71] . Contradicting these results, telomerase-immortalized MSCs respond to higher glucose concentrations with enhanced proliferation and osteogenic differentiation [72] . Sotiropoulou et al. indicate that using Glutamax, a stabilized dipeptide form of L-glutamine, supports better cell growth compared to using L-glutamine [40] .
Cell Culture Devices
Cell Factories
For clinical purposes it is necessary to produce large amounts of cells. Cell Factories provide a large growth surface by multilayered stacks in limited surface areas. They provide easy handling and low risk of contamination. Furthermore, manual operation procedures are reduced to one filling/emptying operation [7, 73, 74] .
Closed System/Bioreactors
Open culture requires expensive clean room facilities for processing. Closed systems as well as automated systems may facilitate GMP-compliant processing. Only a few protocols have been published so far. A completely closed process from cell collection to preparative processing using sterile connectors for BM stem cell expansion has been developed and validated by Gastens et al. [75] . The whole procedure was compared to the classical open cell culture method described initially. The GMP-compliant protocol involved four processing steps: i) the Clinical Protocols for the Isolation and Expansion of Mesenchymal Stromal Cells aspiration of 50 ml BM samples, ii) the density gradient isolation of mononuclear cells using an automated device, iii) the primary expansion culture in a bioreactor as well as iv) automated washing. The cellular product generated within the bioreactor included both nonadherent and adherent cells. MSCs measured both by flow cytometry and colony-forming unit fibroblasts (CFU-F) assay were expanded 320-360-fold, equivalent to the open cell culture control. Dennis et al. [76] converted a fully automated cell production system originally designed for ex vivo production of hematopoietic progenitor cells for regenerative cells. By using their single-pass perfusion system, which very slowly but continuously replaces fresh medium, a mixed population of BM cells with osteogenic potential was expanded. By subtle changes of the culture conditions, a population enriched for osteoprogenitor cells could be generated within 12 days.
Suspension Cultures/Rotary Bioreactors
Expansion of MSCs despite their extensive proliferation potential is time consuming and thus susceptible to contamination. The emerging role of MSCs in alleviating treatment-resistant graft-versus-host disease necessitates fast expansion to meet the demand of immediate availability. Stirred suspension cultures -such as Spinner flasks in the presence of exogenously added stem cell factor (SCF) and interleukin-3 (IL-3) -expanded both fibroblastoid and osteogenic CFU to higher extents than simultaneous adherent cultures, indicating that adhesion-independent expansion is possible [77, 78] . Chen et al. [79] demonstrated that mimicking the BM environmental plasma perfusion rate within the rotary bioreactor with a 20% exchange of medium helped to expand MSCs but also hematopoietic progenitor cells within 8 days.
Other protocols used perfusion cultures with MSCs embedded in three-dimensional scaffolds. Perfusion yielded homogenous distribution of the MSCs and high expansion without compromising their differentiation potential [80, 81] .
Quality Assurance, Quality Controls, and Potency Testing
In-Process Controls of ex vivo MSC Production and Criteria for Final Product Release
General Safety General safety testing is not mandatory for cellular therapy products according to the Food and Drug Administration (FDA; 21 CFR 610.11(g)(1)).
Cell Dose
The appropriate effective, and in contrast not harmful, dose of MSCs for various clinical indications has not yet been defined [16] . In accordance with in vivo experiments with small animals it can be assumed that a clinical dose of more than 5 × 10 6 MSCs/kg bodyweight of the recipient is required.
Viability
Viability of harvested MSCs can be determined by trypan blue staining or 7-amino-actinomycin D (7-AAD) exclusion. To achieve an adequate clinical effect from immediately applied MSCs and to avoid viability that is too diminished after cryopreservation, primary viability should be >90%. In exceptional cases, a lower limit of 70% viability of total harvested cells may be acceptable. In our previous large-scale expansions of MSCs, viabilities tested by 7-AAD were 95.0-97.7% and after cryopreservation 85.0-94.3% [29, 82] .
Immunophenotype of MSCs
Because MSCs lack a specific marker, cells are required to be positive in 95% for CD105, CD73, and CD90 and must lack expression of CD34, CD45, CD14 or CD11b, CD79α or CD19, and human leukocyte antigen (HLA)-DR in 98% [83] .
Microbiological Testing
Sterility testing for fungal, bacterial, and mycoplasma contamination should be performed repeatedly during MSC culture. Enzyme testing as well as mycoplasma detection with polymerase chain reaction (PCR) are not yet standard methods according to the regulations of the European Pharmacopoeia or the Center for Biologics Evaluation and Research (CBER)-FDA and have to be validated compared to mycoplasma cultures. We have already introduced a validation concept for the PCR-based mycoplasma detection according to the guidelines of the European Pharmacopoeia, section 2.6.7, and validated a PCR system with the reference species Mycoplasma orale and Mycoplasma pneumoniae [84] . In addition, the MycoAlert ® test (Cambrex, Verviers, Belgium) is available within less than one hour on the day of MSC harvest and has a sensitivity of <50 CFU/ml [82] . Definitive culture results to exclude mycoplasma contamination are available within 2-3 weeks and are therefore not suitable for cell-based medicinal products (CBMP) for immediate release after production.
Endotoxin and Pyrogenicity Testing
Endotoxin is an amphipathic membrane component of Gramnegative bacteria, and its effect upon membrane structure and function of other cells may be toxic. For parenteral drugs except those administered intrathecally, the FDA guidance determines an upper limit for endotoxin of 5 endotoxin units (EU)/kg bodyweight/dose estimated by the Limulus amebocyte lysate (LAL) assay as an alternative to pyrogenicity testing. The LAL assay method can be applied to the safety evaluation of biological preparations according to existing regulations (endotoxin testing, LAL, according to the European Pharmacopoeia, section 2.6.14, and [85] ). 
Potency Assays and MSC Functionality Clonogenicity
The colony-forming unit (CFU) assay is a suitable tool for evaluating the self-renewal capacity of cells. Friedenstein et al. [86] were the first to describe an assay system to study fibroblast precursors in various hematopoietic cell populations (CFU-F). Analysis of the CFU-F frequency in BM aspirates necessitates adequate dilution. Probably due to a combination of minimal manipulation of the BM before seeding and low seeding densities of BM-MNC, we could observe generally higher CFU-F frequencies [29] than published previously [14] . In figure 2 , representative results of seeding primary BM in serial 5-fold dilution steps of BM-MNC/cm 2 culture area are shown. In this experiment, the calculated frequency of colonyforming MSCs per seeded BM-MNC was 1 MSC in 12,560 BM-MNC (seeding density 80,000 BM-MNC/cm 2 ) and increased parallel with decreasing BM-MNC seeding density (1:1,520 at about 640 BM-MNC/cm 2 ) ( fig. 2) . Starting from enriched MSCs following primary culture, the adequate seeding density for CFU-F analysis ranges from 1 to 5 MSCs/cm 2 [7, 87] .
Osteo-, Chondro-, and Adipogenic Differentiation Pittenger et al. have shown that isolated human BM-derived MSCs differentiate to multiple lineages of mesenchymal tissue [43] . Furthermore, there is evidence that MSCs can also express phenotypic characteristics of endothelial, neural, and smooth muscle cells as well as skeletal myoblasts and cardiac myocyte cells [88] . The standard pathways of MSC differentiation take course along osteogenic, chondrogenic, and adi- 
Immunomodulatory Capacities of MSCs
Human MSCs surface molecules such as HLA-class I, Thy-1 (CD90), vascular cell adhesion molecule (VCAM, CD106), intercellular adhesion molecule-1 and -2 (ICAM-1, ICAM-2), activated leukocyte cell adhesion molecule (ALCAM, CD166), lymphocyte functional antigen-3, and various integrins indicate interaction with cognate ligands on T cells [88] . In contrast to an expected induction of T cell response against allogeneic MSCs, T cell alloreactivity is inhibited by MSCs in mixed lymphocyte cultures (MLC) or lymphocyte proliferation induced by mitogens, such as phytohemagglutinin (PHA) or concanavalin A [7, 12] . Remarkably, MSCs in high concentrations (representing 10-40 MSCs per 100 responder lymphocytes) inhibit, while low MSC concentrations (0.1-1%) may stimulate lymphocyte proliferation in MLC [90] . These findings also stress further investigations for the optimal MSC dose, e.g. in patients with graft-versus-host disease following allogeneic BM transplantation to gain the optimal immunosuppressive effect. In this case, too low numbers of transplanted MSCs could cause stimulation of lymphocyte proliferation in vivo and hence boost the graft-versus-host disease as an adverse reaction to the MSC therapy.
Hematopoiesis Regulation
Previously it has been shown that co-culturing CB-derived CD34+ cells with MSCs enhances efficiency of ex vivo expansion of hematopoietic progenitor cells (HPC) [8, 91, 92] . This in vitro regulatory effect of MSCs may contribute to therapeutic efficacy of cord blood HPC transplantation due to an increase of the primarily available low dose of HPC. Also in vivo engraftment of hematopoietic stem cells after myeloablative therapy was shown to be improved by simultaneous infusion of MSCs in the autologous as well as the allogeneic setting [16, 27] .
Conclusion
It is obvious that there is currently a significant lack of standardization in GMP-compliant MSC manufacturing protocols as well as in defining release criteria and potency assays. Bieback/Schallmoser/Klüter/Strunk achievements. The need to establish global standards and guidelines has been demonstrated by the evolution of hematopoietic stem cell transplantation from a highly experimental procedure to a standard therapy over the last decade. Based on the intensity of the work that is being performed, it can be anticipated that MSC therapy will follow this example within an even shorter period of time.
